Abstract
Vertebrate retinas have several characteristics that make them particularly interesting from a metabolic perspective. The retinas have a highly laminated structure, high energy demands, and they share several metabolic features with tumors, such as a strong Warburg effect and abundant pyruvate kinase M2 isoform expression. The energy demands of retinas are both qualitatively and quantitatively different in light and darkness and metabolic dysfunction could cause retinal degeneration. Stable isotope-based metabolic analysis with mass spectrometry is a powerful tool to trace the dynamic metabolic reactions and reveal novel metabolic pathways within cells and between cells in retina. Here, we describe methods to quantify retinal metabolism in intact retinas and discuss applications of these methods to the understanding of neuron-glia interaction, light and dark adaptation, and retinal degenerative diseases. 
INTRODUCTION
Vertebrate retinas are light-sensitive neural tissues with at least seven types of cells. Rods and cones are photoreceptors that detect light. Bipolar cells, horizontal cells, and amacrine cells are interneurons that process signals initiated by the photoreceptors. Ganglion cells relay the processed signals through the optic nerve to the brain (Dowling, 1970; Wassle & Boycott, 1991) .
Photoreceptors, interneurons, and ganglion cells are confined to distinct layers in the retina. Müller glia radiate across all layers of the retina (Wassle & Boycott, 1991) . Figure 1 illustrates structural features of the retina. Neurons and glia in the retina have a symbiotic relationship (Lindsay et al., 2014; Newman & Reichenbach, 1996) . The laminated structure of the retina can be used to facilitate investigations of intracellular and intercellular metabolic pathways.
Nutrients enter the eye through blood vessels that enter the back of the eye along with the optic nerve. Blood flows into the choroid layer, which lines the inside surface of the sclera, the white part of the eye. Nutrients flow from the choroid layer, through the retinal pigment epithelial (RPE), through the interphotoreceptor matrix to the retina. In some retinas blood vessels on the inner surface of the retina or within the inner retina also provide a source of nutrients (Campbell & Humphries, 2012; Cunha-Vaz, Bernardes, & Lobo, 2011) . Figure 1 Laminar structure of vertebrate retina. The photoreceptor layer contains the outer segments and cell bodies of rods and cone cell bodies and the outer nuclear layer contains their nuclei; the inner nuclear layer contains nuclei of bipolar, amacrine, and horizontal and Müller cells; the inner plexiform layer contains dendrites and synapses of the inner retinal neurons and ganglion cells; the ganglion cell layer consists of ganglion cells; and Müller glia radiate across all layers of the retina. RPE is the retinal pigment epithelium.
Retinas have extraordinarily high energy demands. In darkness, active ion channels in the plasma membranes of photoreceptors drive ATP consumption by stimulating the activity ion pumps needed to maintain normal ion gradients. In light, metabolic energy is used to fuel phototransduction and to support synthesis of lipid and proteins (Ames, Li, Heher, & Kimble, 1992; Cornwall et al., 2003; Okawa, Sampath, Laughlin, & Fain, 2008) .
Energy metabolism in the vertebrate retina is dominated by aerobic glycolysis, also called the Warburg effect. Between 80% and 96% of glucose consumed by an isolated retina is made into lactate even when O 2 is abundant (Ames et al., 1992; Du, Cleghorn, Contreras, Linton, et al., 2013; Wang, Kondo, & Bill, 1997; Winkler, 1981) . Glucose is essential for retinal function. Removal of glucose, inhibition of glycolysis, or deprivation of oxygen rapidly diminishes the ability of the retina to respond to light (Ames et al., 1992; Kang Derwent & Linsenmeier, 2000) . Deficiencies of key enzymes and transporters in glucose metabolism cause retinal degeneration (Bui, Kalloniatis, & Vingrys, 2004; Maurer, Schonthaler, Mueller, & Neuhauss, 2010; Ochrietor & Linser, 2004) . Neurons in the retina require metabolic support from glial cells. Either disruption of Müller cell metabolism or genetic ablation of Müller cells can cause retinal degeneration ( Jablonski & Iannaccone, 2000; Shen, Zhu, Lee, Chung, & Gillies, 2013 ). An important reason to investigate retinal metabolism is that its disruption is likely to be the basis for many forms of neurodegenerative diseases.
Metabolic analysis using stable isotopes is a powerful tool for probing enzyme reactions and transporter/carrier activities in an intact retina. Metabolites that differ in the number of isotopic atoms incorporated are called mass isotopomers. The distributions of mass isotopomers provide insights into the types of pathways in a tissue and how they are regulated. The distributions of isotopomers can be quantified by gas chromatography (GC) and/or liquid chromatography (LC) followed by mass spectrometry (MS).
We have used stable isotope methods to identify novel metabolic pathways in intact mouse retinas (Du, Cleghorn, Contreras, Lindsay, et al., 2013; Du, Cleghorn, Contreras, Linton, et al., 2013; Lindsay et al., 2014) . We present our methods in detail including experiment design, retinal culture, sample preparation, mass spectrometry analysis, and examples of applications.
METHODS
A flow chart of the stable isotope metabolic analysis in retinas is shown in Fig. 2. 
Choice of Stable Isotope Tracers and Labeling Method
13 C, 2 H, 15 N, and 18 O are stable isotopes commonly used to study metabolism. Many tracers labeled with these stable isotopes at various positions are commercially available. Specific tracers can be chosen based on the types of biochemical reactions being studied. There are many reports on how to select tracers rationally for mass spectrometry. Here, we present a short list of tracers we used in retina or that will be potentially useful for future studies of retinal metabolism in Table 1 . Some neuronal cell types might prefer certain types of tracers, e.g., 13 C acetate and 13 C glutamate are highly preferred by astrocytes in brain metabolism (Deelchand, Shestov, Koski, Ugurbil, & Henry, 2009; Pellerin & Magistretti, 1994) . The types of tracers should be chosen to most effectively investigate the specific cell type and incubation conditions.
There are at least three methods to label metabolites based on the time of experiment: (1) Steady-state labeling, (2) Dynamic state (nonsteady state) labeling, and (3) Pulse-chase labeling. Steady-state labeling can take hours to days in mammalian culture depending on the pathways or types of cells and tissue. It is called steady state because the metabolic labeling pattern, concentration, and fluxes remain unchanged over time. Most flux analyses, calculations, and modeling assume that metabolites have reached steady state (Gianchandani, Chavali, & Papin, 2010) . For retinas in ex vivo culture incubated with U-13 C glucose, glycolytic intermediates reach steady state after about 90 min, but intermediates in the tricarboxylic acid (TCA) cycle require about 4 h to reach steady state (Du, Cleghorn, Contreras, Linton, et al., 2013) . Steady-state labeling facilitates calculating metabolic flux accurately; however, it takes a long time and one needs to make sure that there is no loss of cell viability or changes in cellular phenotypes. Steady-state labeling also obscures dynamic information about metabolic pathways (Fernie, Geigenberger, & Stitt, 2005; Noh & Wiechert, 2011; Wiechert & Noh, 2013) . Multiple cycling produces labeling patterns in which it is difficult to distinguish metabolites from different pathways. For example, under steady-state conditions U-13 C glucose labeling, M3 malate can be produced either from the second turn of the TCA cycle or from the pyruvate carboxylase reaction. When dynamic labeling is used, i.e., labeling for only short time (1-5 min), the TCA metabolites have not started the second cycle. Under those conditions any M3 malate must be exclusively from carboxylation. Dynamic state labeling uses shorter incubation times with the tracer and can limit the labeling to specific pathways. However, in dynamic state labeling, differences in pool sizes should be considered for accurate calculation of metabolic flux. As the tracers have not reached equilibrium with unlabeled metabolic pools, pool sizes are inversely correlated to the rate of enrichment and can significantly affect flux calculation, especially, when comparing flux with different tissue or treatment that alters pool sizes. The pool sizes can be measured simultaneously with the same or different tracers (Gastaldelli, Coggan, & Wolfe, 1999; Noh et al., 2007) . Pulse-chase labeling starts with addition of a labeled metabolite for a brief interval (pulse) and then changes to incubation with the same metabolite in unlabeled form (chase). This technique can be very useful for analyzing pathways where metabolites are exchanged between different cells types in a tissue (see details in Section 3.1).
Retinal Organ Culture
Mammalian retinal organ cultures provide a very useful model for identifying and characterizing metabolic pathways. Its strength is that it gives investigators the flexibility to design protocols that focus on the roles of specific fuels, metabolites, and metabolic pathways. Its weakness is that it may not accurately reflect in vivo metabolism. We use a defined Krebs-Ringer/ HEPES/bicarbonate (KRB) medium to culture mouse or rat retinas. The KRB medium has several advantages over enriched medium: (1) it minimizes interference caused by metabolites added with serum and supplements; (2) It can be customized by addition of specific nutrients or changes of solvent, e.g., with commercial enriched medium, it is hard to use 18 O water as a tracer; and (3) It is inexpensive. We found that retinas can maintain physiological functions (light response and O 2 consumption) in this medium. In KRB containing 5 mM glucose, there is no appreciable cell death within 6 h (based on propidium iodide staining). We prepare KRB medium in stock concentration and filter it through a 0.22 μM membrane ( Table 2 ). The KRB is diluted to its final concentration with water. Nutrients or stable isotope tracers are added just before each experiment. 18 O water. Light-or dark-adapted mice are euthanized by cervical dislocation. The eyes are enucleated and the retina is dissected out of the eye cup into cold HBSS under a dissecting microscope. For dark-adaptation experiments, the mice are dark-adapted for longer than 4 h. All operations including retina dissections are performed under infrared illumination with the investigator using night-vision goggles to see. Retinas are washed once with cold HBSS and then transferred into preincubated KRB medium containing nutrient and tracers of choice at 37°C in a 5% CO 2 incubator. The entire operation from euthanasia to putting the culture dishes into the incubator should take less than 5 min to minimize hypoxia and photoreceptor cell death. Photoreceptors are very sensitive to hypoxia and nutrient deprivation. The block of blood supply for only 10 s could cause vision loss (Linsenmeier, 1990 ) and the availability of glucose is essential for the survival of photoreceptors (Chertov et al., 2011) . Rat retinal isolation and culture are done in the same way as the mouse except the rat retina is cut into four pieces to increase nutrient accessibility.
Retinal Organ Culture for Cryosection
The unique laminated structure of retina ( Fig. 1) allows the separation of different cell layers by cryosectioning (see Section 2.5.3). Our lab has used this technique to localize protein expression and metabolites in different cell layers (Du, Cleghorn, Contreras, Linton, et al., 2013; Lindsay et al., 2014; Linton et al., 2010) . We have optimized this method for tracer experiments. Retinas should be flattened to ensure successful cryosectioning. A dissecting microscope is used to place the isolated retina in HBSS onto the grid side of a cellulose membrane disc (0.45 μm, 13 mm, gridded, EMD Millipore) with the photoreceptor side facing the cellulose. Cuts are made in the retina to relieve mechanical stress so that it can be flattened. To enhance attachment of the retina to the cellulose, the retina/cellulose disc is blotted quickly on filter paper and then returned to HBSS. We repeat this 3 Â and then incubate the retina/cellulose discs in 35 mM culture dishes containing 2 ml tracers and KRB.
Tracing Retinal Metabolism In Vivo
Studying retina metabolism in vivo has unique advantages. The retinas are in their native physiological environment and they are not stressed by euthanasia, dissection, or changes in their environment. In vivo stable-isotope labeling has been used extensively in brain tissue together with NMR and mass spectrometry (Dobbins & Malloy, 2003; Kanamori, Kondrat, & Ross, 2003) . However, to our knowledge there is no data available yet on stableisotope labeling of retinas in vivo. Our preliminary experiments have shown that intraperitoneal injection of a bolus of U-13 C glucose (500 mg/Kg) enriched the glycolysis and TCA cycle intermediates (listed in Table 2 ) between 10% and 40% in 45 min in mouse retina. In this experiment, the retina was isolated quickly from the mouse and snap frozen in liquid nitrogen (Section 2.5.2). More in vivo studies will be needed to optimize this method to explore labeling of retinas through intravenous and intravitreal injection and infusion, and to determine the influence of permeability of retinal-blood barrier on the choice of tracers that can be used. However, some disadvantages in in vivo labeling should also be considered in experiment design: (1) Multiple and bigger pools compared with ex vivo culture can take longer to reach isotopic steady state; (2) Metabolism and metabolic exchange among tissues (e.g., Cori cycle between muscle and liver) can result in scrambling of mass isotopomers; (3) The patterns of mass isotopomers distribution (MID) and time to reach steady state can be influenced by the sites (intraperitoneal, tail vein, or intravitreal injections) of tracer administration.
Sample Collection and Preparation
Good sample preparation is the starting point for successful metabolite analysis. Since cellular metabolites have very rapid turnover, sample collection and preparation require the fastest possible quenching and most effective extraction of cellular metabolites. There are many reports on quenching and extraction methods. We found it is effective to quench the reaction with cold saline (Strumilo, 1995) and extract polar metabolites with a cold methanol/chloroform/water mixture. To obtain spatial resolution of the metabolic reaction, the retina can be sliced into sections to separate cell layers. For GC-MS, the extract metabolites need to be derivatized to render them volatile.
Collection and Preparation of Medium Sample
We collect KRB medium samples directly into EP tubes and centrifuge them at 14,000 rpm for 10 min. The supernatant is transferred and saved at À20°C. Glucose and glutamine can be analyzed by LC-MS (see Section 2.5) or by commercial colorimetric analysis such as Amplex red assays (Life Sciences). Lactate, pyruvate, citrate, adenosine, and hypoxanthine are often released by mouse retinas, so they can be measured by GC-MS and LC-MS. We transfer 20-50 μl of medium into an insert (Agilent) inside a 1.5 EP tube and dry it for derivatization for GC-MS, or we transfer it into an EP tube and dry it for LC-MS. It is important to note that high salt concentration can suppress mass spectrometry signals. To test for this effect in LC-MS, we redissolved the dried sample in 2 Â volume of mobile phase and compared it to dissolving the standard directly in the mobile phase. There is no significant difference in the signals we detected in most of our samples. However, if larger volumes of sample medium are used, the salt should be removed by ion exchange columns before analysis.
Collection and Preparation of Retinas
After labeling ex vivo or in vivo, the retina is transferred quickly into a 1.5 ml conical screw cap tube containing 1 ml ice cold 0.9% NaCl to quench metabolism. We often use a transfer pipette or wide-opening 1 ml pipette tip to transfer the retina to avoid damage. The tube is spun quickly to remove cold saline and immediately frozen in liquid nitrogen. In advance, we prepare extraction buffer (methanol:chloroform:H 2 O (700:200:50)) and store it on ice. We add 140 μl of this extraction buffer together with 10 μl of 100 μM methylsuccinate or norvaline into the tube. These are added as internal standards. We homogenize the retina with pestles powered by a cordless motor (Kimble-Kontes) for 15 s and leave the homogenate on ice for 15 min to precipitate proteins. The homogenate then is centrifuged at 14,000 rpm for 15 min at 4°C and the supernatant containing extracted metabolites is transferred to a 250 μl glass insert placed inside a 1.5 ml EP tube. The sample can be dried for mass spectrometry or stored at À80°C. The pellet is dissolved in 200 μl of 0.1 M NaOH overnight at 37°C. Protein concentrations are determined by the BCA assay kit (Thermo Fisher Scientific). Note: Be careful when taking the tube out of centrifuge to avoid loosening the pellet.
Cryosection of Labeled Retina
The retina/cellulose disc (from Section 2.3) is picked up with forceps, being careful not to touch the retina. The disc is dipped into a dish containing cold 0.9% NaCl for 5 s to quench metabolism. We place the disc with its cellulose side down (the side without the retina) on filter paper to dry the liquid quickly. We mount the disc with the same side down, on a quarter of a glass slide prepared with a small drop of superglue on its top. The slide is then snap frozen under slight pressure on a drill press. In preparation for this, the head of a bolt that has been polished to a mirror finish is kept cold in liquid nitrogen. Just before flattening the retina we insert the bolt into the chuck of a drill press and tighten it in place. The head of the bolt is lowered quickly onto the retina and contact is made with slight pressure for $5 s. After freezing, the retina/cellulose slide is stored on dry ice.
A second quarter of a glass slide then is wrapped in polytetrafluoroethylene (PTFE) tape. This is to prevent the retina from sticking to the slide. A $0.5 mm plastic spacer is glued on each side of the PTFE tape. Then we sandwich the retina/cellulose between the slides. Binder clips are used to hold the sandwich together. The sandwiched retina then is placed on dry ice for 30 min and stored overnight at À20°C.
We then cover a cryostat pedestal in optimal cutting temperature compound (OCT) and allow it to freeze completely. The OCT covered pedestal is mounted in the cryostat and 20 μm slices are made until the OCT is completely flat in one plane. We disassemble the retina sandwich and mount the retina/cellulose slide on the flat OCT pedestal. We use a drop of water applied to the top corners of the slide OCT interface and allow it to freeze in place.
We trim the flattest part of the retina with a scalpel blade to an area $1 mm 2 . After trimming, the cryostat blade is advanced in 20 μm steps until contact has been made with the trimmed retina. Sections are then cut at 50 μm until contact with the cellulose. At this thickness, the outer segment layer, photoreceptor cell body layer, inner retina layer, and ganglion cell layer are included in a total of 4-5 sections (Fig. 1) . Each section is picked up with a plastic pipette tip and placed into a 1.5 ml tube containing extraction buffer on dry ice. The metabolites are extracted as described in Section 2.5.2. The pellet is dissolved in protein lysis buffer. The quality of the sectioning is monitored by immunoblotting with antibodies against photoreceptor or ganglion cell specific markers.
Derivatization for GC-MS
GC-MS requires all analytes to be volatilized. The polar nature of amino acids and organic acids requires derivatization before GC analysis. Depending on the metabolites of interest, there are a large variety of derivatization reagents and methods available for GC-MS. Here, we provide a protocol to derivatize keto groups with methoxyamine and to replace hydrogen groups in COOH, NH, and SH with volatile N-tertbutyldimethylsilyl-N-methyltrifluoroacetamide (TBDMS). The derivatives from this method are more stable and less moisture sensitive than most other types of derivatives. We use the following protocol: 1. Dry the samples (as prepared in Sections 2.5.1-2.5.3) in a lyophilizer (Labconco) or Speedvac without heat until they are completely dry. 2. Add 25 μl of freshly prepared methoxyamine hydrochloride (Sigma) in pyrimidine (20 mg/ml) to the dried whole retinal extract. For dried retinal sections or dried medium samples use only 10 μl. Gently tap the tubes with inserts inside 3-5Â to mix, then spin the samples down and close the lid tightly. 3. Incubate them at 37°C for 90 min in an oven or heat block. 4. After incubation, quickly spin the tubes and transfer into the inserts, 25 μl for whole retinal extract, 10 μl for section extract or 10 μl for medium sample. Gently tap the tubes 3-5Â to mix, then spin the samples and close the lid tightly. 5. Incubate the tubes with samples inside at 70°C for 30 min. Spin tubes and transfer inserts into GC-MS glass vials. For medium samples, the supernatant will be transferred to new inserts in glass vials. The sample should be clear after derivatization although they may be colored from drugs used in the incubations. If it is yellowish, the sample might be contaminated with proteins during preparation.
Sample Preparation for LC-MS
Samples to be analyzed by LC-MS do not need derivatization. The retinal samples are dried completely and suspended in 100 μl of mobile phase (40% of A and 60% of B) with vortex for 10 s. The samples are then passed through 0.45-μM PVDF syringe filters directly into glass inserts in vials.
Analysis of Metabolites by GC-MS
GC-MS is used to measure metabolites including most of the intermediates in glycolysis and the TCA cycle (Table 3) . We use an Agilent 7890/5975C GC/MS system (Agilent Technologies) with an Agilent HP-5MS column (30 m Â 0.25 mm Â 0.25 μm film) under electron ionization at 70 eV. Ultrahigh-purity helium is the carrier gas at a constant flow rate of 1 ml/min. One microliter of sample is injected in split-less mode by the auto sampler. The temperature gradient starts at 100°C with a hold time of 4 min and then increases at a rate of 5°C/min to 300°C, where it is held for 5 min. The temperatures reset as follows: inlet 250°C, transfer line 280°C, ion source 230°C, and quadrupole 150°C. Mass spectra are collected from m/z 50-600 at a rate of 1.4 spectra/s after a 6.5-min solvent delay. Select ion monitoring (SIM) records only selected ranges of m/z in expected retention time windows. This mode significantly improves the sensitivity and specificity of detection. The TBDMS group adds 114 and methoxyamine adds 29 to the molecular weight. After ionization, the molecular weight 57 less than the derivatives (C4H9 (M-57)) is often the major ion in the spectra. Therefore, M-57 mass is selected to quantify the intensity of each metabolite. Table 3 lists the mass we monitor in the SIM mode for metabolites from glucose, glutamine, and ketone metabolism. The chromatograms are analyzed using Agilent Chemstation software. Abundances of the selected ions are extracted.
Natural abundance from stable isotopes and derivative agents interferes with the MID, and it must be corrected before MID analysis (Fernandez, Des Rosiers, Previs, David, & Brunengraber, 1996; Hellerstein & Neese, 1999) . IsoCor, freely available software under an open-source license, provides a simple solution to correct both common naturally occurring isotopes (C, H, O, S, N, and Si) and the purity of the isotopic tracer (Millard, Letisse, Sokol, & Portais, 2012) (http://metasys.insa-toulouse.fr/software/isocor). The metabolite formula (the formula after derivatization) and derivative formula listed in Table 3 can be used in IsoCor for natural abundance correction. The fractional abundance of isotopomers are named as M0, M1, M2, …, Mx. M0 is the mass without labeling (M-57 ion in Table 3 ) and 1 to x represents the mass shift from the isotope labeling.
The concentration of each unlabeled metabolite is determined using an external calibration curve containing internal standard.
Analysis of Metabolites by LC-MS
Large and/or thermo-unstable organic molecules including sugars, phosphate, and nucleotides are particularly suitable for LC-MS. There are a large selection of methods and instruments available depending on the metabolites of interest. Labeled glucose, glutamine, and glutathione from 13 C glucose or 13 C glutamine in the medium and retina can be quantified directly by LC-MS. Analysis of the mass isotopomer distributions of nucleotides can estimate the rate of ATP production, cGMP degradation, and pathways in nucleotide degradation. Here, we present a protocol to measure metabolites listed in Table 4 by LC-MS. We use a Waters Xevo TQ Tandem mass spectrometer with a Waters ACQUITY system with UPLC. An ACQUITY UPLC BEH Amide analytic column (2.1 Â 50 mm, 1.7 μm, Waters) is used for separation. The mobile phase is (A) water with 10 mM ammonium acetate (pH 8.9) and (B) acetonitrile/water (95/5) with 10 mM ammonium acetate (pH 8.9) (All solvents are LC-MS Optima grade from Fisher Scientific). The gradient elution is (1) 95-61% B in 6 min, (2) 61-44% B at 8 min, (3) 61-27% B at 8.2 min, and 27-95% B at 9 min. The column is reequilibrated with 95% B at the end of each run. The Flow rate for all gradient is 0.5 ml/min and the total run is 11 min. The injection volume for each sample is 5 μl. Mass spectrometer settings are shown in Table 4 . Each transition includes a parent ion and fragmented daughter ion. Transitions for isotopomers can be set up based on the tracers. A priori knowledge of the labeled moiety on the parent and/or daughter ions is important. The formula and fragment pattern can be checked in public databases such as METLIN (http://metlin.scripps.edu/index.php) and Human Metabolome 
APPLICATIONS 3.1 Neuron-Glia Interaction
Müller glia interact closely with neurons to maintain metabolic homeostasis. Müller cells quickly undergo reactive gliosis after neuronal damage and similarly the damage of Müller cells can cause the death of photoreceptor neurons (Dyer & Cepko, 2000; Shen et al., 2013) . This interdependence might be attributed to the intricate metabolite exchange between glia and neurons. It has been hypothesized that Müller glia supply glutamine and glucose to neurons while neurons might send lactate and glutamate to Müller glial cells. Stable-isotope labeling has been proved to be a useful tool to understand the metabolic interactions between glia and neurons in retina (Lindsay et al., 2014 ).
An example from our lab demonstrates that glia can use lactate and aspartate from neurons as surrogates to compensate for specific enzyme deficiencies in the Müller cells (Lindsay et al., 2014) . We found that photoreceptors have abundant expression of both pyruvate kinase M2 isoform (PKM2) and aspartate glutamate carrier 1 (AGC1), but there is very little expression of these two enzymes or any other forms of pyruvate kinase in Müller glial cells. Glutamine synthetase (GS) is expressed exclusively in Müller glia in retinas, where it produces glutamine for neurons. To understand how Müller glia overcome their deficiency in Pyruvate Kinase and AGC1 in glutamine synthesis, we labeled retinas and isolated cells with different 13 C labeled fuels, and found that 13 C aspartate is the most efficient fuel for glial cells. Aspartate enhanced glycolysis, the TCA cycle, and glutamine synthesis in both intact retina and isolated glial cells. To test our hypothesis that aspartate transports oxidizing power and carbons from neurons to Müller cells in intact retinas, we designed a pulse-chase labeling strategy. This strategy is based on our results and a priori knowledge about glutamine/glutamate metabolism. The photoreceptors are the primary site of glutamine catabolism and Müller cells are the primary site of glutamine synthesis. Glutaminase mostly expresses in neurons and GS is exclusively in MCs. To test the strategy, we treated retinas for 5 min with 5 mM U-13 C glutamine (M5), followed by incubation with 5 mM unlabeled lactate. Unlabeled glutamine was not included in the chase, because the intense signal from the added glutamine would have obscured the isotopomer signals we intended to quantify. At various times, retinas were harvested and metabolites were extracted and analyzed by GC-MS as described in Section 2. Figure 3A tracks the flow of carbons in this model. Figure 3B (upper) shows that M5 Glutamine Figure 3 Pulse-chase analysis of U-13 C Gln in retina. Data are taken from the authors' previous study (Lindsay et al., 2014) . (A) Schematic model for the role of aspartate as a carrier of oxidizing power between retinal neurons and glia. Red circles represent the 13 C carbons, and black circles represent the 12 C carbons. (B) 13 C labeling of Aspartate, Glutamate, and Glutamine from the pulse of U-13 C Glutamine. (Upper) The M5 Glutamine and Glutamate are derived directly from the pulse of 5 mM U-13 C Glutamine. After 5 min, the medium was changed to 5 mM unlabeled Lac with no added Gln. The retinas were subsequently harvested at the indicated times after the pulse. (Lower) The M4 Aspartate derived from oxidation of Glutamate via the TCA. The M3 Glutamate is made by further oxidation via citrate, and M3 Glutamine is made only in MCs by Glutamine synthetase (n ¼ 6).
converts rapidly to M5 Glutamate. The lingering M5 glutamate and M5 α-ketoglutarate are consistent with our previously reported finding that α-ketoglutarate in retinas is protected from oxidation in neurons. Figure 3B (lower) shows how M4 aspartate accumulates and then decays as M3 Glutamate and then M3 Glutamine accumulate. Conversion of M4 aspartate into M3 Glutamine confirms that the subsequent reactions (Fig. 3A) occur in MCs, because only MCs express GS. We further confirmed this model by blocking the transport of aspartate. The availability of more information on differential enzyme distribution, animal models of specific cell ablation, and models of conditional gene knockout will substantially facilitate further advance in understanding of metabolic interactions using stable isotope-based methodologies.
Retinal Metabolism in Light and Dark Adaption
Many studies have shown that both energy demand and energy production in retinas are greater in darkness than in light (Ames et al., 1992; Cornwall et al., 2003; Linsenmeier, 1986; Okawa et al., 2008; Wang et al., 1997) . Photoreceptors are constitutively depolarized in darkness because ion channels in the outer segment of the photoreceptor are opened by their agonist, cyclic GMP. Ions leaking in through those channels in darkness must be removed from the cell via an ion pump that consumes ATP. Light activates cGMP hydrolysis to close channels and diminish ATP consumption but light also stimulates specific anabolic requirements, regeneration of visual pigment, and renewal of membranes. The molecular mechanisms by which retinas control the pace of their metabolism under different illumination conditions are still unknown. Energy consumption in retina has been evaluated by measuring O 2 consumption, production of CO 2 and lactate, and pumping of sodium ion (Okawa et al., 2008; Wang et al., 1997; Winkler, 1981) . These experiments have limitations in providing mechanistically biochemical insights. Furthermore, besides energy consumption, little information is available on changes of nucleotide metabolism in light and darkness. This is important because large changes in cGMP metabolism could alter metabolism of other purines as well. Stable isotope tracers can be used with light-and dark-adapted retinas both ex vivo and in vivo. These tracers can monitor metabolic enzyme reactions directly by measuring the labeled metabolites. Cryosection of labeled retinal layers will provide information about the metabolic changes occurring in the retina.
Retinal Degenerative Diseases
Retinal degenerative diseases cause blindness in both young and old in a variety of diseases including age-related macular degeneration (AMD), retinitis pigmentosa, Leber's congenital amaurosis, Stargardt disease, and Usher Syndrome (Rejdak et al., 2012) . Retinal degenerative diseases have been linked to mutations in energy metabolism and purine metabolism such as isocitrate dehydrogenase 3b, pyruvate dehydrogenase E1/2, nicotinamide mononucleotide adenylyltransferase, inosine monophosphate dehydrogenase, phosphodiesterase 6, and guanylyl cyclase (Aherne et al., 2004; Dizhoor, Boikov, & Olshevskaya, 1998; Farber & Lolley, 1974; Hartong et al., 2008; Maurer et al., 2010; Perrault et al., 2012; Taylor, Hurley, Van Epps, & Brockerhoff, 2004) . Disruption of nutrient availability and metabolic regulation might play important roles in AMD and several models of retinitis pigmentosa (Punzo, Kornacker, & Cepko, 2009; Umino et al., 2006) . The diseased neurons might reprogram metabolism and/or cause some sort of metabolic failure during degeneration. The stable isotope-based methodologies allow for kinetic analysis of metabolic reactions in diseased retinas that will help advance our understanding of these diseases. Because metabolites are very sensitive to environmental changes and cellular metabolic state, it is important to compare mutant animals with littermate controls with the same age. It also is important to include several time points spanning the full time course of the degeneration. Besides research in ex vivo labeling, the labeling of retinas in vivo will be critical to provide information on the integrity of the blood-retinal barriers and the efficiency of nutrient utilization.
SUMMARY
Retina is an excellent model for studying metabolism that occurs within a nonhomogeneous, multicellular tissue. Its laminar structure is suited for cryosection analysis with or without culture. Recent advances in metabolite imaging directly on tissue sections with mass spectrometry such as MALDI (matrix assisted laser desorption and ionization)-MS (Sun et al., 2014) , SIMS (second ion mass spectrometry) (Wedlock et al., 2011) , and NIMS (nanostructure-initiator mass spectrometry) (Greving, Patti, & Siuzdak, 2011) would help resolve the conundrum of metabolite compartmentalization and exchange among difference cells in the normal and diseased retinas. Vertebrate retinas share some features of tumor metabolism, such as Warburg effect and high expression of PKM2. They also have their own unique metabolic demands and pathways in light and darkness and in neurons and glial cells. Stable isotope-assisted methods have been successfully applied in metabolism research including retinal metabolism. The findings in cancer metabolism are useful to guide studies of retinal metabolism. Similarly, the heterogeneous nature of metabolism in retina with its different cell types might provide useful examples for tumor metabolism research. In this chapter, we have described methods we use to probe metabolism in intact retinas using stable isotopes. We first discussed how to design experiments, to choose tracers and labeling methods. We then detailed our protocols for use of retinal organ culture, cryosectioning of retinas, sample preparation, and analysis of samples by both GC-MS and LC-MS. Finally, we gave examples of our research and discussed the application of the methods to several areas of retinal metabolism research including neuron-glia interaction, light and dark adaptation, and degenerative diseases.
